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The present study examines the interaction of hydrogen and nitrogen plasmas with gallium in an effort
to gain insights into the mechanisms behind the synergetic effect of plasma and a catalytic metal.
Absorption/desorption experiments were performed, accompanied by theoretical-computational calcu-
lations. Experiments were carried out in a plasma-enhanced, Ga-packed, batch reactor and entailed
monitoring the change in pressure at different temperatures. The results indicated a rapid adsorption/
dissolution of the gas into the molten metal when gallium was exposed to plasma, even at a low tem-
perature of 100 C. The experimental observations, when hydrogen was used, indicate that gallium
acts as a hydrogen sink in the presence of plasma. Similar results were obtained with Ga in the pres-
ence of nitrogen plasma. In addition, density functional theory calculations suggest a strong interaction
between atomic hydrogen and molten gallium. This interaction is described as a high formation of Ga-
H species on the surface, fast diffusion inside the metal, and a steady state concentration of the gas in
the bulk. Published by the AVS. https://doi.org/10.1116/1.5004540
I. INTRODUCTION
The metal-catalyst-assisted vapor–liquid–solid mecha-
nism has been widely used to synthesize 1D nanomaterials,
such as nanowires, by chemical vapor deposition. In this
method, the dissociative dissolution of precursors takes place
at temperatures above the respective alloy (catalytic metal–
material to grow) eutectic temperature. Unfortunately, these
temperatures are typically high (<400 C), making this
method unsuitable for large scale manufacturing. A promis-
ing approach for achieving the synthesis of 1D nanostruc-
tures at low temperatures is to combine low melting point
metals such as Ga, In, Al, Sn, and plasma.1,2 More recently,
our experiments using gallium clusters in the presence of a
SiH4/H2 (2%) gentle plasma led to the growth of silicon
nanowires.3 In those cases, it was observed that in the
absence of plasma, the low melting point metals do not cata-
lyze the growth of 1D materials, suggesting that the selective
dissolution of the precursors into the molten metals, com-
pared to the deposition on the substrate, is enhanced by
plasma excitation. In other words, synthesis at low
temperatures via these noncatalytic metals can be achieved
due to the following: (1) the low melting point metal’s
capacity to form a eutectic with the precursors at low tem-
peratures and (2) the plasma’s ability to dissociate the pre-
cursor gases. The combined effect of these two essential
elements, a catalyst and plasma excitation, has been termed
plasma catalysis. Unfortunately, the beneficial effect of
plasma excitation and low-melting metals such as gallium
has not been understood. If understood properly, this process
could be used for growing 1D materials over large areas at
low temperatures on different substrates and also for design-
ing plasma catalysts for various chemical reactions.
To explain the effect of plasma excitation in the selective
dissolution of solutes in low melting metals is necessary to
understand the role of atomic hydrogen. Metal hydrides have
been reported as key intermediates in several homogenous
and heterogeneous reactions.4 Particularly, gold hydrides
have been postulated as intermediates in numerous homoge-
nously catalyzed hydrogenations5,6 and hydrosilylations.7
Despite the wide use of gold as a catalyst, the importance of
its hydrides in the catalytic process has recently attracted sig-
nificant attention.8 In fact, the strong interaction of gold with
hydrogen has been applied for pulling gold nanowires using
a hydrogen clamp. In this case, a hydrogen molecule can be
incorporated into a gold nanocontact, making a hydrogen
clamp that is strong enough to pull a chain of gold atoms.9
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The formation of Ga-H species has been observed as a
result of the interaction of supported gallium catalysts with
molecular hydrogen at high temperatures.10 As a matter of
fact, gallium has been proposed as a way to store hydrogen
through the formation of Ga-H.11 A clear understanding of
the hydrogen adsorption is considered of great importance
for the design of molecular sensors and alkane
dehydrogenation-aromatization catalysts.12 The formation
of Ga-H species on the Ga2O3 surface at elevated tempera-
tures—experimentally detected by Fourier transform infra-
red spectroscopy—has been attributed to the H adatom that
binds to an unsaturated Ga atom.13 The production of Ga-H
species is favored at high temperatures since the creation of
oxygen vacancies in Ga2O3 increases with temperature.
The formation of surface Ga-H on GaN (0001) has also
been a topic of intensive research in order to gain a better
understanding of the GaN surface structure. Bellitto and
collaborators found that molecular hydrogen does not react
with the GaN (001) surface, while atomic hydrogen expo-
sure results in the formation of surface Ga-H.14 However, it
is important to mention that the formation of the surface
Ga-H species has been reported at high temperatures.
Modeling of dissolved hydrogen in Ga-stabilized d-Pu at
low temperatures (less than 300 C) showed first that in the
regions of high Ga concentration, the diffusivity of hydro-
gen decreases dramatically and second that the H atoms
would never enter into these regions.15
Plasma excitation similarly enables dissolution of both
oxygen and nitrogen radicals into molten metals. In this
case, the direct exposure of the plasma excited gas phase
over molten metals can result in respective oxide and nitride
and oxynitride nanowires.16,17 The role of plasma excitation
here is to enable rapid dissolution of solutes such as oxygen
and nitrogen and keeping the surface of molten metal clean
for high surface energy. This concept has been exploited for
synthesizing oxide nanowires of Zn, Ga, In, Al, and nitrides
of Ga, In, etc. The interaction of nitrogen with gallium has
already been studied in the presence of plasma for the syn-
thesis of GaN. It has been shown that the presence of plasma
helps to break the triple N2 bond, generating highly reactive
radicals such as N, Nþ, and N2
* that make possible the disso-
lution of nitrogen into gallium.18 The synergistic effect of
plasma activation can be further understood through nitrogen
dissolution into low-melting metals. Molecular nitrogen is
usually a nonreactive gas under mild temperature and pres-
sure conditions. Typically, conditions of 20 atm and 2000 K
are required for dissolving nitrogen in gallium melts using
molecular nitrogen according to the reaction represented by
Eq. (1). Using plasma activation of nitrogen, the dissolution
into molten gallium, Eq. (2), is favored at subatmospheric
pressures and temperatures as low as 850 C.18,19 It has been
concluded that the recombination rate of N to form N2 is
slow enough to allow the formation of GaN.20 Such interac-
tions have been exploited to grow GaN nanowires under
self-catalyzed conditions using nitrogen as a precursor with
the help of plasma at temperatures slightly below its decom-
position temperatures of 900–1000 C,
Ga lð Þ þ 1=2N2 gð Þ ¼ GaN sð Þ; (1)
Ga lð Þ þ N gð Þ ¼ GaN sð Þ: (2)
A better understanding of the interaction of molten gallium
with hydrogen and nitrogen plasmas at low temperatures can
aid in the possibility of applying this synergistic effect to sev-
eral other areas of great interest, such as plasma catalysis.
II. EXPERIMENT
In the present study, absorption/desorption experiments as
well as theoretical-computational calculations were performed
in an effort to demonstrate the synergistic effect of plasma
and molten gallium. The experiments were carried out in a
custom-built, capacitively coupled, radio-frequency (RF)
plasma batch reactor, Fig. 1. The reaction is conducted in a
30-mm-diameter quartz tube (90 cm in length) that is placed
inside a tube furnace with temperature control. The gases are
fed at the front end of the tube, and the two-concave stainless
steel parallel plate plasma electrodes are positioned outside
the tube between the gases inlet and the tube furnace, immedi-
ately adjacent to the furnace. The working electrode is con-
nected to a 600 W, 13.6 MHz, RF power generator (Seren
R601) through an automatic matching network controller
(Seren MC2). This configuration allows the control of the for-
ward power and the reduction of the reflected power to zero
during operation. The counter electrode is connected to a
common ground. During operation, the glow discharge region
of the plasma extends to approximate 45 cm into the tube fur-
nace. Vacuum is achieved using a roughing pump, and pres-
sure is measured downstream the tube using an absolute
capacitance manometer with an accuracy of 60.50% at the
pressures observed during this study. Each experiment was
performed as follows: A section of the chamber (10–15 cm)
was packed with inert supports either coated or uncoated with
gallium. When coated, the typical amount employed was 4 g.
Later, the chamber was set to the experiment temperature and
then was filled with the chosen gas (hydrogen or nitrogen)
until the desire initial pressure was reached. At this point, the
pressure as a function of time was started to be recorded.
After 12 min—allowing the system to reach equilibrium—the
plasma was ignited and the plasma–catalyst interaction was
initiated. The supports were exposed to plasma for 30 min.
Once the exposure time was achieved, the plasma was shut
down. Data were recorded for additionally 30 min.
Experimental results were complimented with a molecular
dynamics study in an effort to gain a microscopic understanding
of the interaction of hydrogen with molten Ga. The ab initio
FIG. 1. Schematic of the system used during experimentation.
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density functional theory (DFT)21,22 in the generalized gradient
approximation and the Perdew-Burke-Ernzerhof23 approach as
implemented in the Vienna ab initio simulation package24 were
used in this study. The projected augmented wave potential25 is
used to describe the core electrons. A kinetic energy cutoff of
550 eV was found to be sufficient to achieve a total energy con-
vergence of the energies of the systems to within 1 meV.
III. RESULTS AND DISCUSSION
Absorption/desorption experiments for hydrogen, Fig. 2,
show a dissimilar behavior between the coated and uncoated
supports. When no gallium was used and while the plasma is
on, there is an increment in the overall pressure, followed by a
slow decrement when the plasma is shut off. This observation
is explained as follows: as mentioned in Sec. II, the plasma
discharge does not extend throughout the whole tube. It is
believed that this causes a dynamic system where radicals
formed in the plasma region diffuse into the nonplasma region
and recombine, while molecules diffuse from the nonplasma
region to the electrodes and are dissociated into radicals. The
difference between the rate of formation of radicals, due to
dissociation of molecules entering the electrodes’ region, and
the rate of recombination of the radicals that diffuse from the
plasma region to the nonplasma region determines the net
increment/decrement of species inside the chamber. This
effect is believed to give rise to the two distinct regimes
observed in Fig. 2. The first regime is distinguished by a rapid
initial increase in the pressure followed by stabilization, and it
is explained by an overall increment of moles due to the
plasma excitation. Conversely, the second regime is marked
by a linear increment of pressure over time, obeying standard
diffusion processes. When the gallium-coated capillaries were
introduced, a dramatic pressure drop is evidenced when the
plasma is ignited followed by a slow increment when the
plasma is shut off. This result suggests that the rate of adsorp-
tion/dissolution of the gas species into the molten metal is
faster than the rates of desorption and production of radicals.
The exponential decay shape of the pressure curve—while the
plasma is on—indicates that the metal is saturating and the
rate of adsorption is diminishing as the experiment is con-
ducted. Interestingly, an analogous behavior was observed for
nitrogen (Fig. 3).
To understand the different regimes in the system, new
experiments were performed. Coated and uncoated capillaries
were exposed intermittently, 10 min at the time, to hydrogen
and nitrogen plasmas, Figs. 4 and 5, respectively. Similar
FIG. 2. Adsorption/desorption measurements in terms of pressure change
when uncoated or Ga-coated supports were exposed to hydrogen plasma.
Experiments were performed at 400 C and a power of 100 W.
FIG. 3. Adsorption/desorption measurements in terms of pressure change
when uncoated or Ga-coated supports were exposed to nitrogen plasma.
Experiments were performed at 400 C and a power of 100 W.
FIG. 4. On/off experiments. Change in pressure when uncoated (top) and
Ga-coated (bottom) supports were intermittently exposed to hydrogen
plasma. Experiments were performed at 400 C and a power of 100 W.
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results were obtained for both gases. By limiting the plasma
exposure to 10 min, it was possible to identify the different
phenomena that are taking place in the process. During the
first 10 min of plasma exposure, the uncoated and coated
capillaries behaved differently but in good agreement with the
results previously presented in Figs. 2 and 3. The increment in
pressure observed when the uncoated capillaries were exposed
to plasma follows the same behavior as the first regime
explained hereinbefore, suggesting that, by reducing the
plasma exposure time, the diffusion effects are limited. The
opposite behavior was observed when coated capillaries were
used, i.e., a rapid decrease in pressure followed by stabiliza-
tion followed by an exponential decay in pressure. In the case
of nitrogen, a slight increase before the exponential decay was
perceived. Once the plasma was shut off, the pressure
decreased for both cases. Nonetheless, when gallium was
used, the decrement rate was slower. In the case of hydrogen
after approximately 5 min of shutting the plasma off, the pres-
sure started to increase. The difference between both cases
indicates that while the decrease in pressure of the system
without gallium is a response exclusively of the almost instan-
taneous recombination of radicals, the system with gallium-
coated capillaries presents two different coexisting phenom-
ena. The recombination of radicals due to the lack of plasma
excitation and the desorption of species from the molten metal
is suspected to be responsible for the overall number of spe-
cies in that system. The samples were exposed to plasma for
10 minutes one more time. The results show a similar
response in pressure in the gallium free configuration com-
pared to the response obtained during the first plasma
exposure, whereas the pressure in the other system decreases
initially and then increases. The shape of the curve once the
pressure increases is similar to the curve obtained in the sys-
tem without gallium, suggesting that the metal got saturated,
reducing considerably the amount of species that are being
dissolved and acting like a noncatalytic material. Finally, the
pressure after shutting the plasma off was monitored for extra
10 min. The curves obtained in this period are in accordance
with the ones obtained the first time the plasma was turned
off.
The moles of hydrogen and nitrogen absorbed into the
molten metal per gram of Ga in the presence of plasma (70
and 140 W) at different temperatures were calculated
(Fig. 6). As observed from the plot, when the molten gallium
is exposed to a 70 W hydrogen plasma, the amount of hydro-
gen absorbed increases from 100 to 200 C, when absorption
reaches its maximum, and then decreases consistently as the
temperature increases. This temperature sets the limit where
the rate of desorption of hydrogen becomes significant.
When the plasma power is doubled to 140 W, it is observed
FIG. 5. On/off experiments. Change in pressure when uncoated (top) and
Ga-coated (bottom) supports were intermittently exposed to nitrogen
plasma. Experiments were performed at 400 C and a power of 100 W.
FIG. 6. Absorbed moles per gram of Ga of (a) hydrogen and (b) nitrogen into
the molten gallium as a function of temperature under 70 and 140 W RF-
plasma exposure.
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that for temperatures higher than 200 C, the number of
moles absorbed reduces; this behavior can be attributed to a
higher local temperature of the Ga droplets, due to the
absorption of the heat released during the recombination of
radicals,26 which leads to a higher desorption rate. A similar
behavior is seen for nitrogen absorption, where high temper-
atures lead to high desorption rates and therefore low absorp-
tion of nitrogen. The existence of this interaction at low
temperatures is of great importance because it can lead to
the possibility of synthesizing ammonia at mild conditions.
The overall interaction of molecular hydrogen with mol-
ten Ga is proposed to be as follows: (1) creation of atomic
hydrogen species; (2) surface adsorption of hydrogen on
molten gallium, i.e., formation of Ga-H species; (3) diffusion
of H or Ga-H into bulk; (4) recombination inside the gallium
bulk; (5) surface recombination between atomic hydrogen in
the gas phase and adsorbed species on the surface; and (6)
desorption of molecular hydrogen. A graphical representa-
tion of the mechanism is presented in Fig. 7. Hydrogen was
chosen as an illustrative example; it is believed that the
mechanism for the interaction of molecular nitrogen with
molten gallium is the same.
Besides the diffusion and the desorption steps, all the steps
can be represented by a chemical reaction. The enthalpy of
reaction (DHrxn) of a particular reaction can be estimated by
subtracting the total energy of the bonds formed from the sum
of the broken bonds’ energy, Eq. (3). This approximation
becomes useful for determining the thermal behavior of a
reaction; for example, when the bonds that are being broken
are stronger than the ones that are being formed (DHrxn > 0),
the reaction will be endothermic. This expression does not
provide exact values for DHrxn because it uses average bond
energies. The bond enthalpy of a chemical bond depends
upon the molecular environment in which the bond exists.
Therefore, the bond energy values reported in the literature
are averaged. Table I presents the different reactions that take
place in the gallium-hydrogen/nitrogen system with their
respective DHrxn. In the case of hydrogen, it is important to
notice that while the surface adsorption and the surface
recombination processes are exothermic, the gas dissociation
and the bulk recombination are endothermic. It is believed
that the energy in the gas dissociation step is supplied princi-
pally by the RF generator, whereas the energy in the bulk
recombination step is provided by the temperature of the sys-
tem. Accordingly, while bulk recombination rates should
increase with increasing temperatures, the production of radi-
cals should remain unaffected, independent of temperatures,
thus leading to a decrease in the quantity of moles absorbed.
Even though the bulk recombination of nitrogen atoms is exo-
thermic, this energy is smaller in magnitude than both the sur-
face adsorption and the surface recombination, which
explains why the bulk recombination is favored over the other
reactions at higher temperatures. Experimental data, Fig. 6,
confirm this behavior: the higher the temperature, the lower
the number of molecules absorbed,
DHrxn 
X
broken bond energyð Þ

X
formed bond energyð Þ: (3)
Hydrogen and nitrogen atoms recombine differently on
dissimilar surfaces. Rahman and Linnett studied the recom-
bination of nitrogen on pyrex and different metals. In the
case of Pyrex surfaces, they found that the recombination of
nitrogen is first order at pressures 0.1 Torr; a second order
process is noticeable at higher pressures (i.e., 0.9 Torr).
Because of this observation, the authors proposed that both
Hinshelwood and Rideal mechanisms occur on a varying
sticking coefficient surface. In their study, the recombination
coefficient, c, which is defined as the fraction of atoms strik-
ing the surface which recombine, was reported in the order of
FIG. 7. (Color online) Proposed mechanism: (a) creation of atomic species,
(b) surface adsorption, (c) diffusion into the bulk, (d) recombination inside
the bulk, (e) surface recombination, (f) desorption of molecular species, and
(g) molecular species in the gas phase.
TABLE I. Chemical reactions and their enthalpy of formation for the Ga-H2 and Ga-N2 systems.
Hydrogen Nitrogen
Reaction DHrxn (kJ/mol) Reaction DHrxn (kJ/mol)
Gas dissociation H2 ! Hþ H (4) 436 (Ref. 27) N2 ! Nþ N (5) 945 (Ref. 27)
Surface adsorption Gaþ H! Ga–H (6) 262 (Ref. 28) GaþN ! Ga–N (7) 218 (Ref. 29)
Surface recombination Ga–Hþ H ! Gaþ H2 (8) 174a Ga–Nþ N ! Gaþ N2 (9) 727a
Bulk recombination Ga–Hþ Ga H! 2Gaþ H2 (10) 88a Ga–Nþ Ga N! 2Gaþ N2 (11) 509a
aEnthalpies calculated using Eq. (3) and reported bond energies [Eqs. (4)–(7)].
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106.30 In another study, Rahman and Linnett presented cN
for different metals: 2  103, 6.7  105, and 6.8  102
for Fe, Ni, and Cu, respectively.31 Argoitia et al. exposed mol-
ten gallium to nitrogen plasma at low pressure. They found
that the surface recombination is slow enough that nitrogen
atoms diffuse into the bulk and form GaN crystals.18
In the case of hydrogen radical recombination on surfaces,
Wood and Wise reported that the formation of a hydrogen
molecule from two hydrogen atoms on Pyrex glass and fused
quartz surfaces occurs through two varying mechanisms:
Rideal (R) and Hinshelwood (Hi) with two binding states:
strongly bound (a) and weakly bound (b). They concluded
that the overall recombination of hydrogen is composed of
four different regimes: Rideal-strongly bound (R-a), Rideal-
weakly bound (R-b), Hinshelwood-strongly bound (Hi-a), and
Hinshelwood-weakly bound (Hi-b). Depending on the temper-
ature, one of these terms becomes dominant. Specifically,
Hi-a, Hi-a, Hi-b, and R-b are the predominant regimes for
temperatures>500, 500–120, 120–50, and<50 K, respec-
tively. Additionally, Wood and Wise reported a recombina-
tion coefficient in the order of 103, as well as recombination
rates of1017 and1015 atoms/cm2s at 500 and 77 K, respec-
tively.32 The recombination of hydrogen onto diamond has
also been reported. Gat and Angus found that for this system,
1>c>0.23 with a recombination rate of 1019 atoms/cm2 s.
The authors suggest that due to this high recombination rate
and the exothermic behavior of the reaction, much of the
energy that reaches the surface during diamond deposition is
transported by atomic hydrogen.26 In the case of metals,
recombination of hydrogen atoms is strongly dependent on
the metal surface where atoms recombine. Melin and Madix
reported the hydrogen recombination coefficient on Ag (0.05),
Au (0.03), Co (0.13), Cu (0.09), Fe (0.1), Ni (0.1), Pt (0.06),
and W (0.08).33 Furthermore, hydrogen atoms can migrate
freely in the bulk and may segregate between the bulk and the
surface.34 Specifically, for metals in the presence of plasma
where reactive species exist (i.e., free radicals, excited mole-
cules, and ions), it has been reported that the surface coverage
of selected species like H-atoms can be easily achieved. As
the H-coverage increases and a threshold of H-coverage is
passed, the surface H-atoms start to diffuse to the subsurface.
It has been found that as the H-coverage increases, the activa-
tion energy for associative desorption of H2 decreases.
35
Nevertheless, the diffusion of hydrogen into molten gallium,
as well as the stability of hydrogen atoms on the surface of
molten gallium, has not been studied. In order to gain a better
understanding of the diffusive nature of hydrogen in gallium,
which is a main step in the mechanism proposed, a computa-
tional study is presented.
The simulations were conducted using DFT. The initial
starting geometry of the bulk gallium is simulated using a
216 atom orthorhombic supercell. The size of the supercell
is large enough to capture the interaction details accurately.
The initial configuration was heated at 3000 K (well above
the melting temperature), which forces the system to lose the
memory of the initial configuration and equilibrates at this
temperature. The system is then rapidly quenched to 350 K,
then slowly quenched from 350 to 300 K, and finally
equilibrated at 300 K. The Brillouin zone of the supercell lat-
tice is sampled with the Gamma point (k¼ 0). The results
were checked for convergence by considering a higher cutoff
energy (>550 eV) and additional k-points which affected the
detailed atomic motions only slightly with no change in the
general picture. The system obtained was found to be amor-
phous and contains both under-coordinated and over-
coordinated gallium atoms.
To investigate the interaction between hydrogen atoms
and molten gallium, 60 hydrogen atoms were added at the
undercoordinated sites. The model was quenched further to
reach 0 K, allowing the structure to relax at 0 K and finding
the nearest local minimum energy configuration (amorphous
state). The combined amorphous Ga and H system was
heated to 300 K and equilibrated by running the simulations
for another 2 ps [Fig. 8(a)]. The system was then heated to
600 K, and the whole process was repeated to obtain the
structure shown in Fig. 8(b). The calculated mean square dis-
placement (MSD) plots for the combined Ga and H systems
at 300 and 600 K (supplementary material)36 suggest a very
diffusive nature of hydrogen atoms in the gallium bulk with
a higher diffusivity at 600 K than 300 K. This observation is
validated by the linear increase of the MSD with time.
To model the interaction of hydrogen with molten gal-
lium’s surface, a slab geometry, extracted from the amor-
phous structure of Ga at 0 K [see Figs. 9(a) and 9(b)], was
considered. A vacuum space of 15 Å was added along the z-
direction of the systems perpendicular to the surface plane to
prevent any erroneous interference from interactions
between images replicated along the z-axis. The system was
relaxed again using the DFT methods. Subsequently, hydro-
gen atoms at the undercoordinated Ga sites of the upper sur-
face of the slab at 0 K were added, and then, the new
geometry was optimized to find the minimum energy config-
uration. The hydrogenated relaxed slab was then annealed
and equilibrated at 600 K to study the behavior of hydrogens
on the gallium surface. While observing the trajectory of the
FIG. 8. (Color online) Combined Ga and H system at (a) 300 K and (b)
600 K.
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hydrogen atoms, most of the hydrogen atoms appeared to
simply execute a hovering movement on the surface and
above the surface (in the empty space of the cell along the z-
axis). Three hydrogens were found to diffuse into the slab.
The hydrogen atoms remaining on the surface are seen to be
very unstable due to the thermal fluctuation of the gallium
atoms and the floating bonds of the gallium atoms. The dif-
fusion of the hydrogen atoms inside the slab can be consid-
ered as a spontaneous event as the thermal fluctuations at
600 K are found to be high. The bonding between hydrogen
and the surface Ga atoms is rather weak with bond lengths
between 1.6 and 1.8 Å at 600 K during the diffusion process.
To gain further insight into the diffusion process, a new
set of DFT simulations was performed by adding three
hydrogens at the interstitial sites in the middle of the amor-
phous gallium slab. The system obtained is heated to 600 K
and equilibrated at this temperature. Two of the hydrogen
atoms diffused toward the surface, while the third one
remained trapped inside the slab. The diffusive nature of the
hydrogens in molten gallium can be attributed to the weak
interaction between gallium and hydrogen resulting from the
thermal vibrations and the interaction with the over-
coordinated gallium atoms in the system at high temperature.
Our simulation results indicate a high diffusivity of hydro-
gen in molten gallium and instability of hydrogen atoms on
gallium’s surface and are in agreement with the experimental
observation that at high temperature, the recombination in
the bulk becomes the dominant step of the process, resulting
in a lower adsorption of hydrogen as depicted in Fig. 9(c).
IV. SUMMARY AND CONCLUSIONS
The existence of a synergism between gallium and hydro-
gen/nitrogen plasmas at low temperatures was observed. The
overall interaction of molecular hydrogen with molten
gallium is composed of multiple simultaneous processes:
Surface adsorption, diffusion into the bulk, recombination
inside the bulk, surface recombination, and desorption of
species from the bulk. Depending on the conditions, some
processes become dominant. It was found that the amount of
hydrogen/nitrogen adsorbed was inversely proportional to
both temperature and plasma power, suggesting that the dis-
solution of species is promoted at higher temperatures. The
interaction between gallium and hydrogen/nitrogen in the
presence of plasma is primarily observed at low tempera-
tures and can be employed to address several technological
challenges such as the synthesis of gallium nitride and
ammonia at mild conditions. The simulations conducted
using Density Functional Theory (DFT) presented herein
confirm a high diffusing behavior of hydrogen into molten
gallium even at low temperatures.
ACKNOWLEDGMENTS
The authors acknowledge partial support from the
National Science Foundation (NSF EPSCoR) 1355438 and
the Conn Fellowship to Maria Carreon from the Conn Center
for Renewable Energy Research.
1M. K. Sunkara, S. Sharma, R. Miranda, G. Lian, and E. C. Dickey, Appl.
Phys. Lett. 79, 1546 (2001).
2S. Sharma and M. K. Sunkara, Nanotechnology 15, 130 (2004).
3M. L. Carreon, J. B. Jasinski, and M. K. Sunkara, Mater. Res. Express 1,
045006 (2014).
4B. Cornils and W. A. Herrmann, Applied Homogeneous Catalysis with
Organometallic Compounds (VCH Verlagsgesellschaft mbH, Weinheim,
Federal Republic of Germany, 1996), Vol. 2.
5A. S. K. Hashmi and G. J. Hutchings, Angew. Chem. Int. Ed. 45, 7896
(2006).
6A. Arnanz, C. Gonzalez-Arellano, A. Juan, G. Villaverde, A. Corma, M.
Iglesias, and F. Sanchez, Chem. Commun. 46, 3001 (2010).
7A. Corma, C. Gonzalez-Arellano, M. Iglesias, and F. Sanchez, Angew.
Chem. Int. Ed. 46, 7820 (2007).
FIG. 9. (Color online) (a) Slab geometry showing hydrogens added on the Ga surface. (b) After annealing and equilibrating at 600 K, three hydrogens are found
to diffuse into the interior of the slab, while the rest are seen to be moving on the surface and above the surface. (c) Three hydrogens are inserted at the inter-
mediate positions inside the slab. After annealing and equilibrating at 600 K, one hydrogen is found to be trapped inside the slab, while the other two are seen
to be moving toward the surface.
021303-7 Carreon et al.: Synergistic interactions of H2 and N2 021303-7
JVST A - Vacuum, Surfaces, and Films
8D. A. Roşca, D. A. Smith, D. L. Hughes, and M. Bochmann, Angew.
Chem. Int. Ed. 51, 10643 (2012).
9S. Csonka, A. Halbritter, and G. Mihaly, Phys. Rev. B 73, 075405 (2006).
10A. I. Serykh, Appl. Surf. Sci. 259, 252 (2012).
11J.-C. Zhao and J. P. Lemmon, U.S. patent 7,833,473 B2 (16 November
2010).
12E. A. Gonzalez, P. V. Jasen, A. Juan, S. E. Collins, M. A. Baltanas, and A.
L. Bonivardi, Surf. Sci. 575, 171 (2005).
13Y.-x. Pan, D. Mei, C.-j. Liu, and Q. Ge, J. Phys. Chem. C 115, 10140 (2011).
14V. Bellitto, B. Thoms, D. Koleske, A. Wickenden, and R. Henry, Surf.
Sci. 430, 80 (1999).
15C. Scott, S. D. Kenny, M. T. Storr, and A. Willetts, J. Nucl. Mater. 442, 83
(2013).
16S. Sharma and M. K. Sunkara, J. Am. Chem. Soc. 124, 12288 (2002).
17M. K. Sunkara, S. Sharma, H. Chandrasekaran, M. Talbott, K. Krogman,
and G. Bhimarasetti, J. Mater. Chem. 14, 590 (2004).
18A. Argoitia, C. C. Hayman, J. C. Angus, L. Wang, J. S. Dyck, and K.
Kash, Appl. Phys. Lett. 70, 179 (1997).
19S. Novikov and C. Foxon, J. Cryst. Growth. 354, 44 (2012).
20H. Li, H. Chandrasekaran, M. K. Sunkara, R. Collazo, Z. Sitar, M.
Stukowski, and K. Rajan, “Self-oriented growth of GaN films on molten
gallium,” in MRS Proceedings (Cambridge University, Cambridge, United
Kingdom, 2004).
21P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
22W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
23J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 78, 1396
(1997).
24G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
25S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and A. P.
Sutton, Phys. Rev. B 57, 1505 (1998).
26R. Gat and J. C. Angus, J. Appl. Phys. 74, 5981 (1993).
27Y. R. Luo and J. P. Cheng, “Bond Dissociation Energies in Diatomic
Molecules” in CRC Handbook of Chemistry and Physics, edited by J. R.
Rumble (CRC Press, Taylor & Francis, Boca Raton, FL., 2018), Vol. 98,
Internet Version.
28S. Brutti, G. Balducci, and G. Gigli, Rapid Commun. Mass Spectrom. 21,
89 (2007).
29J. Nord, K. Albe, P. Erhart, and K. Nordlund, J. Phys.: Condens. Matter
15, 5649 (2003).
30M. L. Rahman and J. W. Linnett, Trans. Faraday Soc. 67, 170 (1971).
31M. L. Rahman and J. W. Linnett, Trans. Faraday Soc. 67, 183 (1971).
32B. J. Wood and H. Wise, J. Phys. Chem. 66, 1049 (1962).
33G. A. Melin and R. J. Madix, Trans. Faraday Soc. 67, 2711 (1971).
34M. Pick and K. Sonnenberg, J. Nucl. Mater. 131, 208 (1985).
35M. Shirazi, A. Bogaerts, and E. C. Neyts, Phys. Chem. Chem. Phys. 19,
19150 (2017).
36See supplementary material at http://dx.doi.org/10.1116/1.5004540 for
details on the experimental set up and the Ga-H interaction modeling.
021303-8 Carreon et al.: Synergistic interactions of H2 and N2 021303-8
J. Vac. Sci. Technol. A, Vol. 36, No. 2, Mar/Apr 2018
